1. Introduction {#sec0005}
===============

The novel infectious respiratory disease COVID-19 caused by betacoronavirus SARS-CoV-2 (provisionally known as 2019-nCoV) emerged at the end of 2019 in Wuhan, China, and later spread to other Asian countries as well as Africa, Australia, Europe, North and South America. The World Health Organization first declared a Public Health Emergency of International Concern on January 30, 2020 \[[@bib0005]\], and later announced a pandemic on March 11, 2020 \[[@bib0010]\]. The evolving situation received worldwide mass media coverage, accompanied by a spread of misinformation mostly through social media, and eventually triggered a backlash of global fear and panic \[[@bib0015], [@bib0020], [@bib0025], [@bib0030]\]. However, at the same time, an unprecedented response of the scientific community was seen. On 31 December 2019, the Wuhan Municipal Health Commission officially reported a cluster of 27 pneumonia cases of unknown etiology; by 10 January 2020, a complete genome sequence was publicly released by a team of Chinese researchers (Wuhan-Hu-1, GenBank accession number MN908947) \[[@bib0035]\]. For comparison, when an outbreak of severe acute respiratory syndrome (SARS) emerged in China in November 2002 \[[@bib0040]\], the full-length sequencing of the genome of its etiological agent, SARS-CoV-1 strain, was not available until April 14, 2003 \[[@bib0045],[@bib0050]\]. The genome sequencing of SARS-CoV-2 was a pivotal step to developing diagnostic assays and initiating research on viral molecular biology. The isolation and successful passaging of the coronavirus in cell cultures, first achieved in late January 2020 by Australian researchers, allowed for direct investigations of the viral mechanism of cellular infection followed by experimental studies on target therapeutic agents. An interactive online dashboard hosted and updated daily by Johns Hopkins University was developed to track the daily global COVID-19 situation \[[@bib0055]\]. At the same time, vaccine development was initiated, and as announced at the beginning of April, nearly eighty vaccine candidates are in the pipeline, five of which are already reported to have entered Phase 1 clinical trials in early April 2020 -- the first one, mRNA-1273 developed by US-based Moderna Therapeutics was administrated to volunteers as early as 16 March 2020 \[[@bib0060]\].

The present study aimed to assess the scientific response to the COVID-19 pandemic by performing a bibliometric survey. A systematic search of English language papers indexed in the PubMed/Medline and Scopus databases as well as posted on online preprint servers since the beginning of the outbreak in China till the end of March 2020 was conducted. The number of identified COVID-19 cases on 31 March 2020 was 863,184 with 43,407 reported deaths, and infection confirmed in over 160 countries \[[@bib0065]\]. The results demonstrated by the present study clearly show that modern science has all the tools to respond to emerging threats to human health by providing fundamental data that is pivotal for their mitigation.

2. Material and methods {#sec0010}
=======================

The systematic search for English language peer-reviewed papers on SARS-CoV-2 and COVID-19 was performed using PubMed/Medline and Scopus databases. The former is the largest abstract database, frequently accessed by biomedical specialists and other scientists, whereas the latter is an extensive, multidisciplinary search system that currently covers over 41,100 journals. The following keywords were used: 'SARS-CoV-2', '2019-nCoV', and 'COVID-19'. Each identified item was then verified by researchers to ensure it was related to COVID-19 and SARS-CoV-2. Based on content, the papers were classified into one of the following types: (i) original research, (ii) case report, (iii) review, and (iv) commentary. The papers were also grouped according to their subject into (i) molecular biology and pathogenesis of SARS-CoV-2, (ii) origin of SARS-CoV-2, (iii) bioinformatics and computational biology, (iv) infection diagnostics, (v) preventive measures of infection, (vi) COVID-19 treatment options, (vii) clinical aspects of COVID-19, (viii), epidemiology of COVID-19, (ix) mathematical modeling of COVID-19 transmission and mitigation, (x) social distancing and mental health, and (xi) misinformation and panic related to COVID-19. In the case of a paper's subject lying outside these categories, it was classified as 'others'. The main country from which each article originated was identified based on the affiliation of the corresponding author(s). If the paper was published as a statement of a scientific society, the country in which such an organization was based was considered. Corrigenda were excluded. A similar bibliometric survey of pre-prints was conducted using arXiv, bioRxiv, medRxiv, and MDPI Preprints servers. If the corresponding author of the preprint paper was not indicated, the affiliation of all the authors was taken into account.

3. Results and discussion {#sec0015}
=========================

A total of 2062 peer-reviewed English-language papers related to SARS-CoV-2 and COVID-19 published in 578 journals were identified. The first two articles were published on 14 January 2020 \[[@bib0070],[@bib0075]\]. The majority of papers - 76.8 % - were made available throughout March 2020 ([Fig. 1](#fig0005){ref-type="fig"} ) and as much as 60.0 % were published after WHO declared the epidemiological situation as pandemic on March 11. The mean number of articles per day published in the considered period was 22.6 and increased from 1.9 per day in January, through 14.5 per day in February, and up to 51.1 per day in March. The highest number of articles was published by The British Journal of Medicine (n = 131), The Lancet (n = 91) and the Journal of Medical Virology (n = 78). Commentaries and review articles were most prevalent, constituting 38.5 and 33.6 %, respectively, followed by original research (21.3 %) and case reports (6.1 %). Original research papers were, however, the most prevalent during the first month of response to the COVID-19 outbreak ([Fig. 2](#fig0010){ref-type="fig"} ). During the considered period essential data regarding the taxonomical classification of SARS-CoV-2 \[[@bib0080]\], its natural origin \[[@bib0085]\], mechanism of cellular entry \[[@bib0090],[@bib0095]\] and routes of transmission \[[@bib0100], [@bib0105], [@bib0110]\], estimation of basic reproduction number \[[@bib0115],[@bib0120]\], the clinical presentation of COVID-19 \[[@bib0125], [@bib0130], [@bib0135]\] and potential drug treatment options \[[@bib0140],[@bib0145]\] were published. Papers reporting on over 80 clinical trials on drug repositioning launched in China as a possible treatment of SARS-CoV-2 infection, as well as the result of the first clinical trial, were also published \[[@bib0150], [@bib0155], [@bib0160], [@bib0165]\]. Overall, ten meta-analyses (constituting 0.5 % of all published papers) were published with the first one, reporting on the clinical characteristics of SARS-CoV-2 infection, made available on 28 February in the Journal of Medical Virology \[[@bib0170]\]. When classified by subject, the majority of identified articles were related to epidemiology, clinical aspects, prevention and diagnostics ([Fig. 3](#fig0015){ref-type="fig"} ). Additionally, 2.3 % of papers pertaining to epidemiology, symptomatology, and treatment of children were identified. Other subjects discussed by published articles were related to economic impacts (2.7 %), COVID-19 discrimination (0.68 %), policy issues (0.63 %), and impacts on education and research (0.29 %). Contributions from authors located in 63 countries were noted, with most of the papers originating from researchers in China (32.9 %), the United States (18.0 %), the United Kingdom (12.2 %) and Italy (7.0 %). Among these four, Chinese researchers had the greatest share in original research papers, 57.7 % - compared to 9.3 % for the USA, 3.2 % for Italy and 2.9 % for the UK.Fig. 1The daily (A) and cumulative (B) total number of English-language peer-reviewed articles and preprints published on SARS-CoV-2 (2019-nCoV) and COVID-19 till 31 March 2020.Fig. 1Fig. 2The distribution of particular types of English-language peer-reviewed articles (n = 2062) and preprints (n = 1425) published on SARS-CoV-2 (2019-nCoV) and COVID-19 between January and March 2020. OR -- original research; CP -- case reports; REV -- review; MA -- meta-analysis; COMM -- commentary.Fig. 2Fig. 3The subject area of English-language peer-reviewed articles (n = 2062) and preprints (n = 1425) published on SARS-CoV-2 (2019-nCoV) and COVID-19; MB&P -- molecular biology and pathogenicity of SARS-CoV-2; ORIGIN -- origin of SARS-CoV-2; BIOINFO&CB -- bioinformatics and computational biology; PREV -- preventive measures in COVID-19; DIAG -- diagnostics of infection; EPID -- epidemiology of COVID-19; MATH_MODEL -- mathematical modeling of COVID-19 transmission and mitigation; IMMUNOL -- immunology of COVID-19; TREAT -- treatment of COVID-19, CLIN -- clinical issues related to COVID-19, MEN_H&SD -- mental health effects of social distancing; MISINF&PAN -- misinformation and panic associated with COVID-19.Fig. 3

The bibliometric survey conducted by the present study highlights the profound activity of the scientific community and its pivotal role in elucidating the nature of the COVID-19 outbreak and its mitigation. For comparison, the outbreak of Severe Acute Respiratory Syndrome (SARS) that started in November 2002, affected over 8000 individuals, and whose last cases, associated with exposures during laboratory procedures, were reported in May 2004 \[[@bib0175],[@bib0180]\], resulted in the publication of 2466 papers in the 2002--2004 period indexed in the PubMed/Medline database and searchable using the keyword \'SARS\'. In turn, a search of the same database with the key term \'MERS\', relating to the Middle East Respiratory Syndrome, whose first cases were reported in September 2012, affected nearly 2500 subjects and revealed a high mortality rate of 34.4 % \[[@bib0185],[@bib0190]\], yields 5563 papers published in the 2012--2019 period. Furthermore, the number of publications devoted to COVID-19 and considered in the present bibliometric study accounts for 23.4 % of all PubMed/Medline-indexed papers related to the Ebola virus (total of 8802 articles searchable with the key term 'Ebola' till the end of 2019), whose first outbreaks date back to 1976 \[[@bib0195]\]. One should, however, note that Ebola virus outbreaks were mostly limited to Western and Central Africa countries with isolated cases recorded in the USA, UK, Italy and Spain \[[@bib0200]\]. In turn, the vast majority of MERS cases have been associated with the Arabian Peninsula, although as a result of travel, its etiological agent MERS-CoV was also exported across the Middle East, Asia, North Africa and Europe and reported by 27 countries to date \[[@bib0205],[@bib0210]\]. Nevertheless, the response to COVID-19, seen during only the first 3 months since it was reported by Chinese officials, marks the unprecedented advances and capabilities of modern science for a joint reaction to an emerging health threat. This reaction has also been supported by initiatives such as those of the Wellcome Trust, a research-charity based in London, whose statement on ensuring access to data and research findings on COVID-19 has gathered over 100 signatories, including leading publishers \[[@bib0215]\]. Consequently, various publishers (e.g., Elsevier, Springer Nature, Taylor and Francis) and journals (e.g., The British Medical Journal, Journal of the American Medical Association, Nature, New England Journal of Medicine, The Lancet) have made content related to COVID-19 freely available to the public and created continuously updated article collections and resources \[[@bib0220]\].

Online publication of a preprint, an early version of a scientific article, enables the dissemination of findings, commentaries and critical reviews on an openly accessible platform in advance of the often slow and laborious peer-review process \[[@bib0225]\]. Under a rapidly evolving epidemiological scenario, preprints provide a possibility to swiftly report results related to therapeutic strategies and preventative measures, which may have a significant value for effective containment. Up to 31 March 2020, 1425 items related to SARS-CoV-2 and COVID-19 had been posted on arXiv, bioRxiv medRxiv and MDPI Preprints servers were identified ([Fig. 1](#fig0005){ref-type="fig"}). The first preprint was posted on 19 January 2020 and provided a mathematical model for simulations of SARS-CoV-2 transmission, later published in Infectious Diseases of Poverty on 28 February 2020 \[[@bib0230]\]. The majority of identified preprints (75.3 %) were posted in March with 58.4 % of all considered preprints posted after WHO declared a pandemic on March 11. The mean number of items made available per day in the considered period was 11.8 and increased from 0.9 and 11.2 per day in January and February, respectively, up to 46.0 per day in March. The majority of identified preprints were posted on medRxiv (55.4 %), followed by arXiv (16.6 %), bioRxiv (16.1 %) and MDPI Preprints (11.8 %). The vast majority of preprints (89.8 %) reported original research results with case reports and commentaries having the lowest share (0.8--1.4 %) throughout the considered period ([Fig. 2](#fig0010){ref-type="fig"}). The most frequently covered subjects were related to the epidemiology of COVID-19, modeling its further transmission, treatment options, and clinical manifestation of the disease ([Fig. 3](#fig0015){ref-type="fig"}). Overall, preprints originated from authors located in 56 countries with researchers from China (43.9 %), the United States (20.1 %) and the United Kingdom (5.8 %) having the greatest contribution in the number of posted items. The preprints reporting original research data originated mostly from China (42.4 %) and to lesser extent from the United States (15.8 %), the United Kingdom (4.5 %), and Italy (4.2 %).

[Fig. 4](#fig0020){ref-type="fig"} shows the contributions by country of corresponding authors of papers in peer-reviewed journals and preprints published between January and March 2020. Scientists from 73 countries made contributions, with Chinese researchers having a 37.3 % share in total output. Authors based in the United States and Canada generated 9.4 and 2.3 % of all papers and preprints, respectively. Member States of the European Union with the United Kingdom were responsible for 22.6 % of published articles. The Middle East countries had a 3% share with decidedly the highest number of articles found for Iran (50). Publications from South America accounted for 1.7 % of total papers and preprints, with the highest number originating from Brazilian (30 articles) and Colombian (18 articles) researchers. In turn, African countries had a 0.5 % share in the total number of published papers and preprints; the highest number of these items originated from Nigeria and South Africa -- 6 and 5, respectively.Fig. 4The distribution of corresponding author(s) of English-language peer-reviewed articles (n = 2062) and preprints (n = 1425) published on SARS-CoV-2 (2019-nCoV) and COVID-19 between January and March 2020.Fig. 4

Although the history of preprints dates back to the 1960s \[[@bib0235]\], they have become increasingly distributed in an electronic form since the early 1990s. The COVID-19 pandemic was the first epidemiological event to have experienced such an enormous research response also involving the publication of preprints. The popularity of preprints is a result of growing global access to the Internet and the development of online publishing \[[@bib0240]\]. During the SARS epidemic in 2002--2004, bioRxiv, medRxiv and MDPI preprint platforms were not available, while only four preprints on this outbreak were posted on arXiV -- as compared to 237 articles published on the same server during the first three months of SARS-CoV-2 spread.

There is no doubt that under a pandemic scenario, online preprints are an important medium of dissemination of critical data essential for understanding and forecasting the epidemiological dynamics, implementation of containment strategies, and effective diagnostics and therapies. This is further highlighted by the contrasting difference in the percentage of original research published as peer-reviewed papers and posted as preprints between January and March 2020 ([Fig. 2](#fig0010){ref-type="fig"}). One must, however, acknowledge that they increase the risk of making false information public as they are posted without any independent quality control. Considering the daily coverage that COVID-19 receives from global mass media, erroneous data and conclusions can be rapidly replicated outside scientific sources and lead to public misinformation and/or a backlash of panic. This is despite clear warnings announced by preprint websites during the COVID-19 pandemic that all published items constitute preliminary reports that should not be relied on to guide clinical practice or health-related behaviors and should not be reported in news media as established information.

All in all, the emphasis should be placed on the responsibility of the entire scientific community for a critical assessment of posted preprints during a pandemic or other global threats in the future. This process can be facilitated, inter alia, through a commentary section available for each published item. To support this, the journal Nature and the Wellcome Trust have launched Outbreak Science Rapid PREreview, an open-source platform for a rapid review of preprints related to emerging outbreaks that allows researchers with an ORCID identification number to rate preprints by answering yes-or-no questions and optionally to express their comments \[[@bib0245]\]. The COVID-19 pandemic has seen at least one good example of such a rapid reaction when a preprint describing structural and genetic features of the spike glycoprotein of SARS-CoV-2, in which the authors unjustifiably and incautiously suggested that the similarities between the novel coronavirus and HIV are "uncanny" and "unlikely to be fortuitous" \[[@bib0250]\]. Due to the number of researchers commenting on the limitations of the conducted analysis, which led to a pure coincidence in reported similarities and inappropriate conclusions potentially implying that the SARS-CoV-2 was engineered, the authors decided to withdraw the preprint before it received larger attention from major news media. Nevertheless, it has fueled harmful conspiracy theories according to which a novel coronavirus strain was purposely engineered as a biological weapon \[[@bib0255]\].

To speed up the process of publication in a scientific journal, one can submit results presented in the form of a Letter to the Editor, which, depending on the journal's policy, may or may not undergo a peer-review. However, even if the former is the case, the manner in which such letters are prepared can often facilitate a swift review and publication. Therefore, this method of reporting was often practiced in the considered period of January-March 2020 to publish original information, e.g., clinical characteristics of the first COVID-19 cases in various geographical locations \[[@bib0260],[@bib0265]\], detection of SARS-CoV-2 in induced sputum of patients considered to be clinically cured and revealing multiple negative throat swabs \[[@bib0270]\], the ineffectiveness of a symptom-based screening process in detecting SARS-CoV-2 infection in evacuated travelers \[[@bib0275]\]. In selected cases, the publication timeline of such papers was very short. For example, a letter in the New England Journal of Medicine, that reported asymptomatic transmission of SARS-CoV-2 in Germany was published on 30 January 2020. This must have been submitted very shortly before publication if one considers that the authors describe patients tested on 28 January \[[@bib0280]\]. One should also note that in response to COVID-19, selected journals, such as the Royal Society of Open Science, decided to maximally shorten the peer-review process and recruited a team of reviewers willing to provide their reports on submitted manuscripts within 24−48 h \[[@bib0285]\]. An extraordinary timeline of peer-review was seen in the case of a manuscript reporting the results of an open-label non-randomized clinical trial of hydroxychloroquine and azithromycin as a treatment for COVID-19 - it was submitted to the International Journal of Antimicrobial Agents on 16 March 2020, accepted a day later and published online on 20 March \[[@bib0165]\]. Both aforementioned articles (a correspondence in the New England Journal of Medicine, as well as clinical trial on COVID-19 treatment), have received critical comments clearly pointing out that pressure to review and publish quickly during an epidemic also results in a more uncertain quality of the data made public \[[@bib0290],[@bib0295]\]. It must, however, be stated that with such scientific activity as seen in the case of COVID-19, the reassessment of biased and inaccurate information could be provided in a similarly swift manner thereby slowing the escalation of impacts. Nevertheless, the rigorous peer-review standards and editorial practices are the core to ensure high quality research and best way to avoid the dissemination of erroneous, inaccurate or inconclusive data \[[@bib0300]\].

The COVID-19 outbreak has revealed the potential of modern global science to respond rapidly and on multiple levels -- by providing and discussing the data essential for epidemiological models, implementation of preventative measures, clinical procedures, treatment, and vaccine development as well as accessory information crucial for understanding the impacts of a pandemic on the human population. The rush to report and publish in journals and in the form of preprints preceding peer-review increases the risk of biased or unreliable information being disseminated. This, however, must be considered as a side-effect that is difficult to avoid (also under any other circumstances than pandemic) and can be counteracted by responsible attention from the scientific community providing critical comments and assessments. Weighing the pros and cons, it is beyond any doubt that a rapid joint-response of researchers to emerging health threats is the core of their alleviation. This also highlights the role that can be played by science in minimizing the effects of other future threats, including the climate crisis, if only the voice of researchers is acknowledged by political leaders and stakeholders.

4. Conclusions {#sec0020}
==============

The present bibliometric study clearly shows the capabilities of modern science to respond to an emerging health crisis, and most likely, to any other future threats. Using a broad range of scientific journals as well as different online preprint servers, over 3400 manuscripts were published within the first three months of the outbreak of COVID-19 in Wuhan, China. The journal papers and preprints covered all essential aspects related to understanding the epidemic, its etiological factor, transmission routes, diagnostics, preventive measures, treatment options, and clinical manifestation of the disease. The scientific community contributed by generating original results and also by reviewing the existing literature and providing commentaries on different aspects of the ongoing outbreak. Chinese, US, UK, and Italian researchers were the most active in the considered period, although journal papers and preprints were contributed by corresponding authors affiliated in over 60 and 50 countries, respectively. As highlighted, such a massive inflow of manuscripts/preprints and pressure to review and publish quickly during an epidemic may, in certain instances, result in a more uncertain quality of the data made public. The present bibliometric survey underlines that science plays a key role in response to emerging global threats -- a notion that has to be considered and acknowledged by political leaders regarding other future risks, be they health-related or not, to the human population.
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